This paper investigates the design formula for the shear strength at the concrete-to-concrete interface proposed in Eurocode with regard to concrete layers with different strengths. Based upon the results of the study on the applicability of the design formula, push-off test is conducted on specimens with various indented interfaces to evaluate the actual behavior with respect to the surface roughness. The experimental results reveal that the interfacial shear strength increases with higher compressive strength of the concrete layers presenting different strengths and that the shear strength at the indented interface differs by 20% to 50% compared to the value predicted by the design formula. Especially, the shear strength developed between the concrete layers with different strengths appears to be different from the prediction of the design formula as much as the layers present larger difference in their compressive strengths.
Introduction
The transfer mechanism of the shear stress developed in members made of concrete layers with different strengths is extremely complex since it is influenced by diverse factors including the reinforcement crossing the interface, the resistance to compression of concrete with low strength, the roughness level of the interface and the stresses generated by the loads normal to the interface. Research on this mechanism started in 1960s and was pursued by Hanson [1] , Birkeland and Birkeland [2] , Mattock and Hawkins [3] , Walraven and Reinhardt [4] , and Loov and Patrnaik [5] who conducted various studies on the shear friction behavior. Recently, the works of Júlio and Santos [6] [7] were recognized as providing the theory elucidating the transfer mechanism of the shear stress developed at the interface of concrete layers, which is currently adopted in the design specifications of Eurocode [8] . These authors explained that the development of this shear resistance is the result of the combination of the adhesive bond caused by the separate placing of the layers, the dowel action of the reinforcement, and the friction generated after the occurrence of interfacial cracks [1] .
The present study proposes the hybrid girder shown in Figure 1 aiming to reduce the depth of the conventional steel girder-concrete slab composite bridge by composing the upper flange of the steel girder with a casing made of 80-MPa ultra high performance concrete. For the composite bridge using the hybrid girder, the design formula for the shear strength suggested in Eurocode is applied to determine the amount of shear reinforcement necessary to compose the 80-MPa concrete of the casing and the 30-MPa concrete of the slab. However, this formula does not reflect the difference in strength between the concrete layers and need is to examine its applicability. Therefore, Kang et al. [9] evaluated the shear strength in concrete layers with different strengths with respect to the interfacial condition between concrete layers by finite element analysis (FEA) and the results showed that the analytical result is larger by 1.3 -1.4 times than the value calculated by the design formula. So, in this study, to understand the real behavior of shear in concrete layers, push-out test is conducted on specimens presenting various concrete strength, amount of shear reinforcement and interfacial condition to examine the difference between the prediction of the Eurocode's design formula and the actual behavior of the members made of concrete layers with different strengths.
Evaluation of Design Formula for Interfacial Shear Strength with Indented Surface
Eurocode proposes the formula in Equation (1) for the evaluation of the shear strength at the interface of concrete layers placed as different times. This formula is composed of three terms.
( )
The first term ctd cf is the adhesion resistance between the materials at the interface and is determined by the design tensile strength of concrete ( ctd f ). The second term The design formula for the shear strength of Eurocode was established to calculate the shear strength developed at the interface of members having identical strength but placed at different time. It is thus necessary to verify the applicability of this design formula when those members have different strengths.
In this regard, Kang et al. [9] conducted the FE analysis for the evaluation of the shear strength in concrete layers with different strengths. The authors concluded that the analytical result is larger by 1.3 -1.4 times than the value calculated by the design formula as shown in Figure 2 . And the authors also concluded that the design formula provides conservative shear strength with a safety factor of about 1.6 if calculation is done by substituting the properties of the material with lower strength in the design formula in the case of concrete layers with different strengths.
Push-Out Test of Interface between Layers with Different Strengths

Test Variables
Push-off test was performed to evaluate the shear strength developed at the interface between concrete layers with different strengths. The test specimens were fabricated according to the execution or not of surface treatment, the diameter of the reinforcement, and the number of shear connectors. As shown in Figure 4 , various number of reinforcements from 1 to 6 were arranged. The interface between the concrete layers was non-treated or indented with 6-mm deep indents spaced at intervals of 40 mm as shown in Figure 5. 
Test Method
The test was conducted under static loading using a UTM (Universal Testing Machine) with capacity of 2000 kN. Loading was applied through displacement control as speed of 0.5 mm/min until a displacement of 5 mm and speed of 1 mm/min for displacements beyond 5 mm.
As shown in Figure 6 , the loading plate pushed the upper block so as to provoke the sliding motion at the interface. A vertical plate was disposed to prevent any risk of overturning. A support plate equipped with roller device was installed between the specimen and the vertical plate to eliminate the friction between the fixing jig and the specimen. Table 2 arranges the test results of each specimen. A series of three specimens were fabricated for each test variable and the corresponding average is compared to the value of the shear strength calculated by the design formula. Figure 7 plots the shear strength with respect to the reinforcement ratio of the shear reinforcement. Shear failure occurred at the interface for reinforcement ratio smaller than 4.0, but shear failure occurred together with crushing at the supporting face of the concrete block for reinforcement ratio larger than 4.0, which did not meet the expected shear strength. Considering only the cases with reinforcement ratio below 4.0, nearly all the specimens developed shear strength higher than that predicted by the design formula. Figure 8 compares the test results and predictions of the design formula with regard to the test variables. Ex- Prediction by Design Equation (MPa) cept for the cases with reinforcement ratio larger than 4.0, the test specimens are seen to develop 20% to 40% of the shear strength predicted by the design formula. Especially, model NC30-SC80 with indented interface shows shear strength around 40%. Besides, model NC30-NC30 with indented interface develops shear strength larger by about 20% than that predicted by the design formula. Figure 9 compares the analytical results and predictions with regard to the interfacial surface roughness and the strength difference, respectively. The indented surface increased the shear strength by about 40% compared to the smooth surface. For the same indented surface, the difference in the compressive strength between the concrete blocks contributed to a difference of approximately 20% in the shear strength.
Test Results
Conclusions
Shear test was conducted to evaluate the shear strength according to the surface roughness of the interface between concrete layers with different compressive strengths of 80 MPa and 30 MPa. The experimental results were then compared with the predictions provided by the design formula of Eurocode. The following conclusions can be drawn.
(1) For the interface between two concrete blocks with the same compressive strength of 30 MPa (NC30-NC30), the shear strength was larger by about 20% on the average compared to the prediction of the design formula. Besides, the interface between two concrete blocks with different compressive strengths of 80 MPa and 30 MPa (SC80-NC30) developed actual shear strength larger by more than about 40% compared to the prediction of the design formula.
(2) Specimen SC80-NC30 experienced increase of its shear strength by about 40% owing to the presence of indents compared to the smooth interface. This increase could be attributed to the increase of the shear friction force brought by the interlocking effect of the indents. Considering that the shear resistance improved thanks to the indents, this opens room for alternatives like the reduction of the amount of shear reinforcement.
(3) In case of indented interface, the increase of the compressive strength of one concrete block to 80 MPa improved the shear strength at the interface by about 20% compared to having two concrete blocks with the same strength of 30 MPa. Unlike the prediction of the design formula, the shear strength between two concrete layers with different strengths is expected to augment with larger difference between these compressive strengths. Accordingly, it is necessary to specify the value of the strength to be applied in the design formula, and a modified design formula shall be proposed to evaluate the shear strength between two concrete layers with different strengths by means of complementary studies. 
